Abstract-Transmission penalties due to the self-phase modulation (SPM) and the cross-phase modulation (XPM) are numerically studied for the conventional intensity modulation direct detection (IM-DD) system with the non return-to-zero (NRZ) and the return-to-zero (RZ) format. The nonlinear Schrodinger equation and the split-step Fourier method are utilized for the numerical simulations.
The optical fiber communication system is wide-spread over the world, and it supports the vast traffic such as the internet every day. The commercially available optical fiber communication system utilizes intensity modulation direct detection (IM-DD) technology, and the digital bit patterns are the non return-to-zero (NRZ) format in general. For the long-haul system like the undersea cable system, the return-to-zero (RZ) format is also used commercially [1] . The merit of the RZ format is the reduction of the inter-symbol interference, because the consecutive marks are isolated each other. In addition to that, for the case of the wavelength division multiplexing (WDM) system, the RZ format is considered to be more tolerant to the cross phase modulation (XPM), because the pulse overlap between the neighboring channels is less than that of the NRZ case. On the other hand, the RZ format is considered to be more sensitive to the self phase modulation (SPM), because the pulse peak power is twice as much as that of the NRZ format.
In this paper, we consider the effects of the SPM and the XPM for the NRZ format and the RZ format. The numerical simulator calculates the nonlinear Schrodinger equation using the split step Fourier method [2] . The results show the difference of the SPM and the XPM for the NRZ format and the RZ format.
NUMERICAL METHOD
In order to evaluate the optical pulse propagation in the optical fiber, the nonlinear Schrodinger equation should be solved. A generic style of the nonlinear Schrodinger equation is:
where A denotes the electrical field of the signal light, z denotes the length of the optical fiber, T denotes the time, α denotes the loss coefficient of the optical fiber, β 2 denotes the second derivative of the propagation constant of the optical fiber (and it corresponds to the group velocity dispersion), β 3 denotes the third derivative of the propagation constant of the optical fiber (and it corresponds to the group velocity dispersion slope), and γ denotes the fiber nonlinearity coefficient. In order to calculate the formula (1), the split-step Fourier method is generally used [2] . The right hand side of the formula (1) contains the linear terms and the nonlinear term. The first to the third terms are the linear terms, and the forth term is the nonlinear term. In the split-step Fourier method, the perturbation theory is applied, and the linear terms and the nonlinear term are calculated separately. At first, the linear terms are calculated assuming that the nonlinear term is constant. Then, the nonlinear term is calculated assuming that the linear term is constant. Repeating this procedure with a small step of the fiber length, the pulse propagation described by the nonlinear Schrodinger equation can be calculated numerically.
We evaluated the long-haul system using the simulator. Figure 1 shows a schematic diagram of the simulated system. There were sixteen modulated channels at the transmitter, and the channel separation was set to be 0.6 nm. The signal wavelengths were ranged from 1545.5 nm to 1554.5 nm. The bit-rate was 10 Gbit/s, and the pseudorandom 7th pattern was used to generate the modulated signal. Both the NRZ format and the RZ format were used for the simulation. For the optical fiber transmission line, the repeater span length was 50 km, and the loss of the fiber was 0.21 dB/km. The effective area of the fiber was 65 µm 2 , and the nonlinear refractive index was 2.6 × 10 −20 . The repeater had the output power of +9 dBm and the noise figure of 4.5 dB. The dispersion management [3] was adopted for the optical fiber transmission line, and ten spans of the fiber composed one block. In each block, the first span to the fifth span and the seventh span to the tenth span were the fibers with −2 ps/km/nm chromatic dispersion, and the sixth span was the fiber with +18 ps/km/nm chromatic dispersion. As a result, the whole system had zero chromatic dispersion at 1550 nm. Figure 2 shows the variation of the cumulative chromatic dispersion along the fiber length. At the receiver, the electrical bandwidth was limited to 7.5 GHz by the third order Bessel filter. The cumulative dispersion due to the transmission was fully compensated at the terminal. 50% of the cumulative dispersion was pre-compensated, and the residual 50% was post-compensated. The performance of the received signal was evaluated by the Q-factor [4] . 
RESULTS AND DISCUSSIONS
The transmission performance was evaluated as a function of the fiber length. In order to clarify the penalties due to the SPM and the XPM, the degradation of the Q-factor from the reference was calculated. As the reference, the Q-factor with the amplifier noise and the chromatic dispersion without the nonlinear degradation was used. Figure 3 shows the results of the numerical simulation. The horizontal axis shows the fiber length, and the vertical axis shows the penalty from the reference Q-factor in dB scale. In this figure, averaged penalty over sixteen signal channels was used.
As shown in Figure 3 , the penalty due to the XPM is larger than that of the SPM in short distance, but the penalty due to the SPM becomes much larger than that of the XPM in long distance. The reason why the XPM penalty is larger than the SPM penalty in short distance is that the XPM is twice as much effective as the SPM [2] . On the contrary, the reason why the XPM penalty becomes smaller than the SPM penalty in long distance is that the neighboring bits causing the XPM are slipping out due to the difference of the group delay and the effect of the XPM becomes randomly varied over the entire bit pattern.
Comparing the NRZ format and the RZ format, the RZ format shows smaller penalties for both the SPM and the XPM. As expected, the RZ format shows smaller penalty in the XPM, and the reason is the smaller overlap between the optical pulses. On the other hand, the RZ format also shows smaller penalty in the SPM, even though the pulse peak power is twice as much as that of the NRZ format. The reason why the RZ format shows smaller penalty in the SPM can be deduced that each pulse of the RZ format is isolated. For the NRZ format, the waveform degradation of one pulse in the continuing marks impacts to the neighboring pulses, but it does not affect to the neighboring pulses for the RZ format. 
CONCLUSIONS
We have numerically studied the effect of the SPM and the XPM in the NRZ format and the RZ format. Even though its higher pulse peak power, the RZ format shows better performance against for both the SPM and the XPM for the long distance transmission. It can be said that the RZ format is suitable for the long-haul optical fiber communication system such as undersea fiber cable system.
